A well-known perceptual illusion is the appearance of illusory bands of brightness just to either side of a luminance edge. A narrow band of increased brightness is seen just to the higher-luminance side of an edge and a narrow band of decreased brightness is seen just to the lower-luminance side of an edge (figure 1). Known as Mach bands (eg Ratliff 1965), these illusory bands have often been ascribed to the perceptual consequences of lateral inhibition (illustrated in figure 1 ), although other accounts of the illusion have been proposed (Lotto et al 1999) .
2 Quantification of the magnitude of the orientation illusion 2.1 Participants Eight volunteers (four naive), all with normal vision, served in the study. All provided informed consent as approved by the University's institutional review board (IRB). Figure 1. A luminance transition (top, in gray box) from high luminance (left side) to low (right side) across distance passed through a network (middle) with local lateral inhibition (as drawn here, each unit inhibits the nearest neighbor to either side by 1/10 of its output level) will result in perceptual output (bottom, gray box) that is enhanced (white arrow) next to the higher-luminance side of the edge and diminished (black arrow) next to the lower-luminance side of the edge. These bands of relative enhancement and diminution are termed Mach bands. [After Goldstein, 1980 Sensation and Perception (Belmont, CA: Wadsworth Publishing).] 
Procedure and stimuli
Two large circular stimulus fields (each 10 deg diameter) separated laterally (1.5 deg) were presented to the subjects in a darkened room. These fields were viewed through apertures in a large 51 deg circular mask that concealed the monitor bezel and other nearby content in the room (see Essock et al 2003) . Subjects were positioned 1.0 m from the stimulus display, and head movements were restricted by a chin-and-forehead rest. Stimuli were displayed, with the use of a linearized look-up table, on an SGI 420C monitor with maximum luminance of 80 cd m À2 , frame rate of 120 Hz, and resolution of 8006600 pixels. All patterns had a root-mean-square (rms) contrast of approximately 0.12 (on a normalized scale).
First, a preliminary experiment was performed to obtain the orientation at which each subject saw the most prominent illusory orientations (ie one to either side of vertical). The subjects were asked to indicate the orientation of the content in the test pattern that they perceived as`strongest' or`most salient' by adjusting, via key-press, the orientation of an indicator line (10 deg60.08 deg) centered in the second aperture. This was repeated with different random-phase patterns five times each (both clockwise and counterclockwise) to determine the orientations at which each subject saw the maximum illusion. The median of both the clockwise and counterclockwise settings was taken separately. Results showed strong agreement across observers [range: 25.58 À 20X08 (counterclockwise) and 28.08^20.58 (clockwise); SEM was 0.678 and 0.978, respectively, and is shown as horizontal error bars on figure 2b ]. Group means of the two orientations of most salient content were À22X88 (clockwise) and 24X58 (counterclockwise) from vertical.
Next, in the main experiment, a conventional magnitude-estimation procedure (eg Engen 1972) was used to assess the salience of oriented components of the patterns as a function of orientation (measured at seven orientations: vertical, the two matches indicated by the individual's two medians, and AE108 of the two matches). Participants were presented with two patterns (one in each of the 10 deg circular apertures): a reference pattern that consisted of a narrow (78) range of oriented content (centered on one of the seven orientations as explained above) and the test pattern consisting of a 458 range of oriented content. The participants were instructed to observe the content in the reference pattern and to consider its perceptual strength to be a magnitude of`50'. They then assessed the strength of the subset of the oriented content in the test pattern that was indicated by the content in the reference pattern. Magnitude estimates were made relative to this standard stimulus in the conventional fashion (ie if the strength of the indicated band of orientations in the test pattern was half that of the reference, they were to assign it a value of`25', and so on). Magnitude estimates for the test content at the seven orientations of the narrower reference pattern were obtained in random order, then repeated for a total of five times.
Broadband stimulus generation
The nature of the stimulus pattern required for these studies made it practical to construct the stimuli in the space domain directly, and thus avoid any quantization or other errors that would be associated with the more-usual method of transforming the stimuli to the space domain after constructing them in the frequency domain. (1) Stimuli were constructed by directly adding together the required sine-wave profiles using MATLAB (version 6.5) with Image and Signal Processing Toolboxes. For the broadband test patterns, 175 random-phase vertical sinusoidal gratings were generated (1) Specifically, the inability to represent orientations in equally fine steps at lower spatial frequencies in a discrete fast Fourier transform (FFT) was avoided (see Hansen and Essock 2004) . As a check, the main conditions of the experiments reported here were all repeated and results replicated with versions of the stimuli constructed in the frequency domain followed by an inverse FFT.
in the spatial domain at 100% contrast [one grating for each cycle per picture (cpp), from 1 to 175 cpp, or when viewed at 1 m, 0.1 to 18.4 cycles deg À1 ]. In order to create a stimulus pattern that had an amplitude distribution similar to that of natural-scene imagery, the contrast of each of the gratings was scaled to produce an approximate 1af relationship across spatial frequency (Billock 2000; Field and Brady 1997; Tolhurst et al 1992) . Next, another set of 175 random-phase vertical sinusoidal gratings was generated (with the contrasts also adjusted to a 1af amplitude spectrum). Each of the different spatial-frequency gratings in this set was then rotated 18 to the left of vertical by using bi-cubic interpolation (MATLAB version 6.5 Image Processing Toolbox version 4.0). This process was repeated 44 times (22 to the left and 22 to the right), each time rotating the new set of gratings to the left or right by an amount that was 18 larger than the prior rotation. This procedure resulted in a total of 45 sets of 175 random-phase gratings (one set for each orientation from 228 to À228 of vertical) which were then summed together in the spatial domain and normalized by the total number of gratings included in each set (ie 7875). The edge of the resultant pattern was then`blurred' by a circular window of 330 pixels in diameter (ramped at the edge over 10 pixels), leaving a full-contrast pattern of 9.0 deg diameter. A total of five such test patterns were generated in all (each with different random phases). In addition, five reference patterns were created by the same procedure as that used to create the test patterns, except that only seven sets of 175 random-phase gratings were generated öone set for the vertical orientation (08) and six sets for each orientation AE38 of vertical. Figure 2b shows the group's mean (AE1 SEM) of the magnitude estimations across the seven orientations (means of each subject's median magnitude estimate were taken). The magnitude estimates show clearly that the perceptual strength of the (broadband) content at different orientations was not perceived as equal even though all orientations within the 458 band had the identical physical contrast. Orientations near the`edge' of the band of orientations were considerably more salient than those in the middle of the band of orientations (which was centered on vertical) which had very low salience. Outside the band of content, salience falls off considerably by 108 from the edge of the band (outermost data points). The magnitude estimation data indicate that the orientations near the transitions were elevated by a factor of 4.7 compared to orientations in the middle of the band (vertical). This same pattern of perceived salience was shown by all eight subjects.
Results and discussion
3 The illusion in varied stimulus conditions 3.1 Orientation illusion This illusion is very robust, easily apparent in a wide range of stimulus conditions. A comparable illusion is obtained for variations of the stimulus pattern as shown in figure 3. These illustrate that the illusion is obtained with: (i) different orientations of the pattern (figure 3a); (ii) different ranges of orientation bandwidth (figures 3b and 3c); (iii) various slopes (abruptness) of the transition (figure 3d); and (iv) different magnitudes of the transition (figure 3e). The illusion is readily apparent in all cases. The inset (f ) shows the exact profile of these stimuli on the orientation dimension. For one of these stimulus variablesöpattern orientationömagnitude estimates were obtained with the pattern centered on either 08, 458, 908, or 1358 in an additional test conducted under comparable conditions. For each of these four orientations of stimulus pattern, magnitude estimations were obtained at the center orientation, and AE108, AE208, and AE308 of the center orientation. The test pattern consisted of a 458 band of orientations with a 1af amplitude spectrum (with all other Fourier-domain components set to zero). The data for all four pattern orientations (figure 4) show analogous illusory bands of enhanced salience at transitions (`edges') in the magnitude of the oriented content in the orientation dimension. There is some suggestion of a greater illusion at horizontal and vertical test orientations.
Illusion in the spatial-frequency dimension
In addition to the orientation dimension, the effect of a contrast transition in the spatialfrequency dimension was also considered. Figure 5 shows a pattern with a contrast transition in the spatial-frequency dimension. The image was created by combining (see above) gratings of all orientations at spatial frequencies from the lowest possible 1 cpp, to a cutoff chosen to be at 32 cpp (ie zero amplitude above 32 cpp) with spatial frequency weighted by 1af. (2) As with the orientation dimension, not all of the components (here, spatial frequencies) are perceived to be of equal salience. Content of the approximate spatial scale where the step occurs (32 cpp) is most pronounced, despite equally represented content of all scales. Since a particular cpp value is hard to estimate when viewing an image, an image containing only content at the scale of the step (the upper 0.5 octave, 21.1 to 32 cpp) is shown to the right in the figure (figure 5b) for comparison with figure 5a. Inspection of figure 5b makes it clear that the scale of content most pronounced in the pattern with the step at 32 cpp (figure 5a) is indeed that scale at which the step occurred (ie the scale of the most salient content seen in figure 5a matches closely the appearance of the content present in figure 5b ). Next, a band of spatial content was created with a step up at 8 cpp and a step down at 64 cpp (figure 5c). Here, where a circumscribed range of content is present, two spatial scales are most pronounced: those at each edge of the band of spatial-frequency content. Again, to help assess the scale at which the enhancement occurs, isolated content (0.5 octave) at the cut-offs of the band of content, 8 and 64 cpp, are shown in isolation in figures 5d and 5e for comparison to the illusory enhancement in figure 5c . As with the orientation illusion in which two orientations appear far more prominent when a . Mean magnitude estimates (1 SEM) from four subjects for stimulus patterns (458-wide orientation bands of 1af content) that were centered at one of four orientations: 08, 458, 908, and 1358. Mean magnitude estimation data are plotted as a function of relative orientation (in degrees from the pattern's center orientation). The standard was assigned a value of`75' in this experiment.
(2) The same effects as those reported here are also observed when a flat amplitude spectrum is used (but the low frequencies appear abnormally reduced).
band of equal-contrast orientations is viewed (figure 2a), two spatial scales are far more prominent when a band of spatial frequencies of equal weighting is viewed.
Qualitative model and conclusions
The bands of enhancement demonstrated here are predicted by the existence of lateral suppression along the dimensions of orientation and spatial frequency. Such mutual inhibition of cortical neurons by neurons of neighboring orientations and spatial frequencies is well established (Allison and Bonds 1994; Bauman and Bonds 1991; Blakemore and Tobin 1972; Bonds 1989; Maffei and Fiorentini 1976; Nelson 1991) . Also well documented is a mechanism that provides cortical contrast normalization in which a neuron's gain is adjusted by dividing its output (or input) by the pooled response of other cortical neurons (eg Carandini and Heeger 1994; Heeger 1992; Wilson and Humanski 1993) . We have argued that this response pool is local in orientation and spatial frequency, with a neuron being normalized by the neurons that are nearby in the orientation and spatial-frequency dimensions (Essock et al 2003; Essock 2004, 2006) . That is, the normalization pool is local in the Fourier plane (see also Heeger et al 1996; Li 1999; Neumann and Sepp 1999; Olshausen and Field 2005; Schwartz and Simoncelli 2001) . Such local divisive contrast normalization can, in a general sense, be conceived of as somewhat analogous to the network of local lateral inhibition in the space domain that occurs in the retina in luminance coding (eg Urban 2002) . It is in this sense that the illusory bands of content enhancement at an`edge' in the orientation or spatial-frequency dimensions would be predicted; that is, instead of illusory bands of brightness along distance (Mach bands), the present research demonstrates illusory bands of enhanced contrast along the Fourier plane (orientation and spatial-frequency dimensions).
In figure 6 we illustrate how a cortical contrast-normalization procedure in which the normalization pool is local in orientation and spatial frequency can explain the illusory bands of enhancement described here. The response of relatively narrow-band orientation filters (ie`channels') to an image consisting of equal-contrast content from À228 to 228 (as in figure 2a ) was obtained by convolving standard spatial Gabor filters, tuned to different orientations, with the image of figure 2a. Without intra-channel suppression (figure 6a), the responses of channels within the middle of this band of content are essentially equivalent, and the response of the other channels falls off slowly Figure 6 . Simulation of the response of the cortical network to a test stimulus (a 458 band of equal-contrast oriented content) is shown (a) without, and (b) with, suppression from neighboring orientation channels. The response of a neural network consisting of 24 differently oriented spatial Gabor filters separated in steps of 7.58 is shown. (a) Response of the filter bank to the stimulus pattern (shown in figure 2a ) is plotted with filter response magnitude (in arbitrary units) on the ordinate, and orientation of the Fourier stimulus component plotted on the abscissa; (b) is identical to (a), except that a suppressive normalization pool has been applied. The output of each channel is divided by a constant fraction of the summed activity of the two nearest neighboring filters to either side on the orientation dimension (with the contribution of the four neighbors to the pool weighted by a Gaussian). (c) Response of the model's filters to a pattern consisting of a 458 band of content and two 108 flanks (shown in figure 7b) , where addition of these`disinhibitory' flanks results in a local response peak at vertical. (d) Filter response to a sparse input predicts a strong illusion comparable to that for the full band of orientations (figure 6b). The pattern is`sparse' in the orientation dimension, but contains all spatial frequencies; orientation profile is shown in figure 7d . In each panel, model output is normalized to the highest peak response.
at the orientations corresponding to the edges of the band of content. However, when local Fourier-domain suppression, similar to that illustrated in figure 1 for the space domain, is incorporated into this network, the result (figure 6b) yields clear bands of enhanced responses corresponding to the illusion reported here.
When a stimulus pattern consisting of a band of orientations is presented on a background of non-zero contrast at all orientations (as in figure 3e ) instead of 0% contrast at all other orientations (figure 2a), the model indicates that bands of decreased response, as well as enhanced response, at a contrast transition are also expected. We suggest that the decremental bands are likely to be present but not discernable in the perceived pattern, owing to the presence of oriented content at all orientations (ie the pedestal results in isotropic noise that obscures any illusory decrement). Regardless, in another measurement of contrast sensitivity across orientation (Haun and Essock, under review) , bands of decreased, as well as increased, sensitivity at Fourier edges were demonstrated.
This illusion is very strong, resulting in (for the vertically oriented pattern) vertical and near-vertical content having extremely low salience. In this sense, the perceptual effects of this cortical suppression of perceived contrast are perhaps stronger than the illusory brightness of the Mach-band illusion. In an attempt to eliminate the suppression of near-vertical content (in other words to decrease the illusion and make vertical content more apparent),`disinhibitory' flanks were added outside of the band of oriented content in a version of the stimulus having lower contrast and rounded (`edges' as shown in figure 7d, row b) . Indeed, vertical and near-vertical content is much more salient in this pattern (figure 7b) than the corresponding pattern without the flanking bands of content (figure 7a), as predicted by the model of suppression given above when applied, without modification, to this stimulus pattern (as shown in figure 6c ). In a final illustration, we show that this illusory enhancement of orientations near the Fourier-domain edges of the pattern does not require that a solid band of orientations be present. To begin to consider the two-dimensional aspects of this illusion, a pattern was constructed that contained many spatial frequencies, but few orientations. [This stimulus, sparse in the orientation dimension, also serves to emphasize that the orientation illusions reported here cannot be due to`ringing' or other artifacts potentially associated with a solid band of orientations when constructed by other (ie frequency-domain) methods.] The pattern shown in figure 7c (its profile is shown in figure 7d) shows that the stimulus can be quite sparse and still produce an illusory enhancement of the edges of the orientation band. As shown in figure 6d, this is also predicted by the suppression model. Together, these demonstrations indicate that suppression is pooled jointly across orientation and spatial-frequency dimensions (ie that it is local in the two-dimensional Fourier plane), and that this can lead to perceptual enhancement at transitions of the amount of Fourier-domain content of visual stimuli.
We propose that this edge enhancement in the Fourier domain would be quite useful to the visual system. One consequence of local contrast normalization would be more efficient neural coding of scenes, reducing the redundancies in the filter (Fourier plane) representation of a scene (Hansen and Essock 2004; Hosoya et al 2005; Vinje and Gallant 2000) . Furthermore, a process that enhanced the neural representation of a transition in orientation or spatial frequency would be useful for segmenting an image into regions and objects by enhancing the apparent differences in the composition of their spatial structure (Cohen and Grossberg 1984; Li 1999; Neumann and Sepp 1999; Spillmann 1999 ). This enhancement is indeed seen at the level of single units. The`border enhancement effect' observed in the response of many V1 neurons when their receptive field is just inside a texture border defined by a difference in orientation is very analogous to the enhanced illusory bands reported here (Gallant et al 1995; Lee 2003; Nothdurft et al 2000) .
We conclude that (i) mutual suppression within neighborhoods along the dimensions of cortical coding leads to bands of contrast`edge' enhancement reminiscent of the Mach bands of brightness that occur across distance, and (ii) both types of illusory bands serve to enhance the neural representation of transitions in the neural representation of the visual scene. cells of the cat striate cortex'' Vision Research 31 933^944 Billock V A, 2000``Neural acclimation to 1af spatial frequency spectra in natural images transduced by the human visual system'' Physica D 137 379^391 Figure 7. In the`full' illusion, (a), the strongly suppressed vertical and near-vertical content is almost impossible to discern. Note that the vertical content is more apparent near the top and bottom of the circular pattern as would be expected by the model. (b) To reveal this near-vertical content, 108-wide high-contrast flanks were added outside the stimulus band, centered at AE458, to reduce the suppression associated with the edges of the central band at AE228. The near-vertical content is now considerably more salient than in (a) (and more salient than in the corresponding full band of 908 shown in figure 3b ). The most apparent oblique content corresponds to the approximate orientation of the flanks. (c) A sparse analog of the pattern in (a) shows that the illusion remains even when most of the orientations in the band have been set to zero. The pattern contains only a sparse set of seven orientations spanning the 458 band, yet the illusion is still very strong. (d) Profiles of the filters used to make the stimuli shown in (a), (b), and (c) are shown with amplitude plotted against orientation in the frequency domain. Patterns (a) and (b) are plotted on the same scale; scale for pattern (c) is normalized (reduced) to match the maximum value in (b). Spatial frequency for all patterns had a 1af amplitude relation.
